The effects of Toxoplasma gondii during embryonic development have not been explored despite the predilection of this parasite for neurons and glial cells. Here, we investigated the activation of the purinergic system and proinflammatory responses during congenital infection by T. gondii. Moreover, neuroprotective and neuromodulatory properties of resveratrol (RSV), a polyphenolic natural compound, were studied in infected neuronal progenitor cells (NPCs). For this study, NPCs were isolated from the telencephalon of infected mouse embryos and subjected to neurosphere culture in the presence of EGF and FGF2. ATP hydrolysis and adenosine deamination by adenosine deaminase activity were altered in conditions of T. gondii infection. P2X7 and adenosine A 2A receptor expression rates were augmented in infected NPCs together with an increase of proinflammatory (INF-γ and TNF-α) and anti-inflammatory (IL-10) cytokine gene expression. Our results confirm that RSV counteracted T. gondiipromoted effects on enzymes hydrolyzing extracellular nucleotides and nucleosides and also upregulated P2X7 and A 2A receptor expression and activity, modulating INF-γ, TNF-α, and IL-10 cytokine production, which plays an integral role in the immune response against T. gondii.
Introduction
Inflammation plays an important role in a diversity of central nervous system diseases including toxoplasmosis disease. Toxoplasma gondii, once having infected the brain, can use different mechanisms in order to subvert the immune response and enable the parasite to persist in the brain throughout the chronic phase of the disease, which can last for many years [1] . However, the emerging role of immunomodulatory mediators and the potential use of their inhibitory effects for pathogen survival and replication in host cells are still a new and poorly understood field.
Several studies have highlighted that T. gondii displays a preference for neurons, in contrast to the low numbers of infected microglial cells during chronic infection [2] [3] [4] . Effective control of parasite replication and disruption of the parasitophorous vacuole in host cells depends on the immune response including expression of anti-inflammatory interleukine IL-10 accompanied by the overproduction of proinflammatory cytokines IL-12, IFN-γ, and TNF-α [5] [6] [7] . Furthermore, extracellular nucleotides adenosine triphosphate (ATP), adenosine diphosphate (ADP), adenosine monophosphate (AMP), and nucleoside adenosine (ADO), as well as their receptors, play an important role in the modulation of a variety of processes, including neuroinflammation [8] .
Some purinergic receptors, such as the A 2A subtype, promote the suppression of proinflammatory cytokines and stimulate the immune response leading to the production of antiinflammatory cytokines and protection from oxidative damage in infected cells [9, 10] . P2X7 and A 2A receptors are widely expressed in the central nervous system. Several studies have demonstrated that the activation of the P2X7 receptor triggers the elimination of T. gondii [11] . A 2A receptor activation may be an important stop signal to prevent excessive stimulation of inflammation, avoiding excessive cellular damage [12] . Some studies conducted by our research group have proposed the influence of the infection by T. gondii on purine levels and adenosine deaminase (ADA) activity in the brain of experimentally infected mice [13] . However, here we determine for the first time, changes in NTPDase, 5′-nucleotidase activities and P2X7 and A 2A receptor expression levels in neural progenitor cells (NPCs), which had been experimentally infected with T. gondii. Some researchers have studied the expression of P2X7 receptors in immune cells in mice after T. gondii infection [11] .
Given the potential damage, if immune responses were left uncontrolled, it is probable that more than one immunomodulatory pathway has evolved. An understanding of these molecular mechanisms of immune response preconditioning regulation has become relevant. Resveratrol (RSV, 3, 4′, 5-trihydroxy-trans-stilbene), a non-flavonoid polyphenol, naturally present at high concentrations in red wine and grape seeds, have been pharmacologically turned for therapeutic neuroimodulation [14, 15] based on its antioxidant and antiinflammatory activities [16] . RSV can attenuate activation of immune cells and the subsequent synthesis and release of proinflammatory mediators [17] . Previous studies indicate that RSV confers neuroprotection by inhibiting activation of microglia and reducing the production of proinflammatory factors through cellular cascade signaling pathways [18] . Our research group has proposed that RSV treatment modulates seric cytokine profiles and attenuates the tissue inflammatory process caused by T. gondii infection [19] . In this study, we investigated whether activation of the purinergic system potentiates proinflammatory responses during congenital infection by T. gondii, and whether RSV exerts beneficial effects on the immune response. Thus, we investigated the activity of NTPDase, 5′-nucleotidase and adenosine deaminase, P2X7 and A 2A purinergic receptor expression levels and the production of pro-and anti-inflammatory cytokines in infected NPCs. Moreover, we provide evidence for RSV-induced promotion of neuroprotective and neuromodulatory effects in infected NPCs.
Experimental procedures

Animals
All experiments were performed with ten Swiss female mice (age up to 60 days weighing 25 ± 5 g). Animals were kept in boxes with five animals each, under a 12 h light/dark cycle with controlled temperature and humidity (25°C, 70% respectively), respecting their circadian rhythm, and were fed with commercial feed and water ad libitum. All animals procedures were approved by the Ethics' Committee on Animal Experimentation of the Universidade Federal de Santa Maria under protocol number 9509010915/15.
Parasite infection
For experimental infections, animals were infected orally with T. gondii parasites of the VEG strain (type III, clonal lineage) to mimic a chronic infection (50 parasitic cysts/animal). Twenty days post infection, female mice were put for mating with males. Timed-pregnant animals were obtained by overnight mating, and the efficiency of mating was confirmed by appearance of the vaginal plug.
Isolation and culture of neural progenitor cells (NPCs)
The animals were euthanized using protocols reviewed and approved by the Ethics Committee on Animal Experimentation of the Universidade Federal de Santa Maria (UFSM, 9509010915/15). NPCs were isolated from embryonic day 13 (ED-13) telencephalons of mice embryos according to Hutton and Pevny [20] .
Telencephalons were dissected under aseptic conditions and incubated with 0.1% trypsin for 5 min at 37°C Fetal bovine serum (FBS) was added for inactivation of trypsin. Cells were further mechanically dissociated and then plated at a density of 2 × 10 5 cells/mL in Dulbecco's Modified Eagle's medium (DMEM) F-12 culture medium supplemented with 2% of B-27 (Life Technologies, Carlsbad, CA), 20 ɳg/ mL of epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF 2) (both reagents from Sigma-Aldrich, St. Louis, MO), and antibiotics and cultured at 37°C in a water-saturated atmosphere and 5% of CO 2 . For the induction of neural differentiation, neurospheres were plated into adherent poly-L-lysine-and laminin-precoated cell-culture grade dishes in 2% B-27 (Life Technologies).
Neurosphere diameters and differentiation characteristics of NPCs derived from infected telencephalon embryos are presented in Supplementary Fig. 1 . Obtained results were similar to those of a previous study performed by our research group [21] . Among the main results, we highlight: (1) T. gondii infection altered neurosphere morphology, increased diameters and glial differentiation. (2) T. gondii infection affects proliferation during S and G2/M phases of cell cycle (Suppl. Fig. 1 ).
Resveratrol
Resveratrol (RSV, C 14 H 12 O 3 ; molecular weight 228.25 g/mol; purity > 98%, Sigma Aldrich) was diluted in PBS and added at 10 μM final concentration to NPC cultures during differentiation. This concentration was based on a previous study reported by Kumar et al. [18] , where 10 μM RSV showed beneficial effects on survival of NPC cultures. In agreement, a former study by our research group showed that this dose was most effectiveon NPC cultures obtained from T. gondiiinfected animals [21] .
Flow cytometry analysis
Flow cytometry experiments were performed as described previously [22] . Neurospheres were centrifuged for 5 min at 200×g and dissociated into single cell suspensions. Cells were fixed for 20 min in ice-cold 4% paraformaldehyde in phosphate-buffered saline (PBS) and then washed with PBS supplemented with 2% FBS. After 30 min of incubation with rabbit anti-P2X7 purinergic receptor (1:500; Sigma-Aldrich, St. Louis, MO) or mouse anti-A 2A adenosine receptor antibodies (1:1000; SigmaAldrich, St. Louis, MO). In the same solution, NPCs were washed with PBS and incubated for 1 h at room temperature (RT) with secondary Alexa Fluor 488 or 555 (1:1000; Life Technologies) antibodies. Forty-thousand events were acquired per sample with fluorescence measured in logarithmic scales. Forward and side light-scatter signals were used to exclude dead cells and debris. Data were acquired on a flow cytometer (BD FACSCalibur; BD Biosciences) and analyzed with the FlowJo V10 software (Ashland, OR).
Nucleotide hydrolysis assays
For enzymatic assays, differentiated neurospheres were centrifuged for 5 min at 200×g and dissociated into a single cell suspension with PBS 1X. Twenty microliters of cell suspension (0.9-1.0 mg/mL protein) was added to the reaction mixture of NTPDase or 5′nucleotidase for a final volume of 200 μL and pre-incubated for 10 min at 37°C according to the method of Lunkes et al. [23] . The reaction was started by the addition of ATP or ADP as substrate at a final concentration of 1.0 mM. E-5′-nucleotidase was determined by the method of Heymann et al. [24] . Phosphate released by ATP, ADP, and AMP hydrolysis was measured using KH 2 PO 4 as standard. Protein levels were measured according to Bradford [25] . The results are reported as ɳmol Pi released/min/mg of protein.
ADA activity levels were estimated in neurospheres spectrophotometrically by the method of Giusti and Galanti [26] as the measurement of ammonia produced when adenosine deaminase acts in excess of adenosine. For the assay, 50 μL of cell suspension reacted for 60 min with 21 mmol/L of adenosine, pH 6.5, at 37°C. The reaction was stopped by adding a solution of 106.2 mM phenol and 167.8 mM sodium nitroprusside and a hypochlorite solution. The amount of ammonia produced was measured at 620 ɳm, and the results were expressed in units per liter (U/L).
Cytokine gene expression
In this study, qRT-PCR was employed to analyze gene expression modulation of inflammatory cytokines using a similar approach as previously described [27] . In brief, RNA was isolated using TRIzol® reagent (Invitrogen™ Life Technologies, Carlsbad, CA) and quantified at 260 ɳm. Reverse transcription was performed with the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA), and RNA was added to a final concentration of 1 μg/μL. The following steps were used for cDNA synthesis: 37°C for 5 min, heating at 65°C for 10 min, and cooling for 10 min at 5°C. Additionally, incubation step at 25°C for 5 min, 42°C for 30 min, 85°C for 5 min, and a final incubation at 5°C for 60 min were used. Real-time PCR was performed in a volume of 20 μL using 1x QuantiFast SYBR Green PCR Kit (Qiagen, Hilden, Germany) and 1 μL of cDNA in a Rotor-Gene Q (Qiagen) equipment under the following conditions: 95°C for 3 min, followed by 40 cycles at 95°C for 10 s, 60°C for 30 s followed by a melting curve of 65°C to 95°C. The following forward (5′-3′) and reverse (3′-5′) primer sequences were used: β-Act 5′-CCGTAAAGACCTCT ATGCCAAC-3′, 3′-AGGAGCCAGAGCAGTAATCT-5′;IL-1β 5′-GGTACATCAGCACCTCACAA-3′,3′-TTAG A A A C A G T C C A G C C C ATA C -5 ′ ; I L -6 5 ′ -C T T C CATCCAGTTGCCTTCT-3′, 3′-CTCCGACTTGTGAA GTGGTATAG-5′, INF-γ 5′-CTCTTCCTCATGGCTGTTTCT-3′, 3′-TTCTTCCACATCTATGCCACT T-5′; TNF-α 5′-TTGCTCTGTGAAGGGAATGG-3′, 3′-GCTCTGAGGAGTAGACA ATAAA G-5′ ; IL-10 5′ -ACAGCCGGGAAGA C AATAAC-3′, 3′-CAGCTGGTCCTT TGTTTGAAAG-5′.
Statistical analysis
Results are expressed as mean ± standard errors of the mean (SEM) for the values obtained from at least three independent experiments. Statistical analysis was performed by two-way ANOVA using Tukey as post hoc test with the Graph Pad Prism (Version 5.0) software. *p < 0.05 was considered statistically significant.
Results
Resveratrol modulates nucleotide hydrolysis of infected NPC
Capacities of uninfected and infected NPCs to hydrolyze extracellular nucleotides and nucleosides were evaluated in this study ( Fig. 1a-d) . A decrease of ATP hydrolysis (p < 0.05) and an increase of ADP hydrolysis (p < 0.05) was observed in infected NPCs compared to control groups. No significant differences in AMP hydrolysis could be detected in the infected group (Fig. 1c) . Infected NPCs decreased adenosine hydrolysis by ADA compared to control (p < 0.01). ATP, ADP and AMP hydrolysis was slightly augmented by RVS as per se effects (p > 0.05). Furthermore, 10 μM RSV restored ATP hydrolysis in infected NPCs. ADA activity was higher in infected and treated NPCs compared to the infected group (Fig. 1d) .
Purine receptor expression is altered following T. gondii infection
Flow cytometry experiments clearly confirmed augmented P2X7 receptor expression by infected neurospheres (Fig. 2a) . Exposure of NPCs to 10 μM RSV did not alter expression rates of P2X7 receptors (p > 0.05). However, RSV attenuated increments in P2X7 receptor protein expression in infected NPCs (Fig. 2a) . (Fig. 2b) .
Effects of RSV in cytokine gene expression in infected NPC
Proinflammatory cytokines play a crucial role in the immune response against T. gondii. In view of that, mRNA transcription levels of IL-1β, IL-6, INF-γ, TNF-α, and anti-inflammatory IL-10 in infected and non-infected NPCs were determined in this study (Fig. 3) . A marked increase in transcription levels of mRNA coding for IL-6 ( Fig. 3b) , INF-γ (Fig. 3c) , TNF-α (Fig. 3d) , and IL-10 ( Fig. 3e) was observed for infected NPCs (p > 0.05) compared to the control group. Further, the treatment with 10 μM RSV reduced INF-γ, TNF-α, and IL-10 gene expression in infected NPCs.
Discussion
The induction of immunity upon infection by T. gondii is a crucial step in establishing a balanced host-parasite relationship in the central nervous system (CNS). In this study, we investigated the involvement of the purinergic signaling during congenital infection by T. gondii and its relationship with the imunne response. In view of the wide spectrum of biological activities of RSV, our hypothesis was, whether treatment with RSV could modulate inflammatory responses in infected NPCs mediated by purinergic signaling. After reaching the CNS, the parasite invaded all nucleated cells and initiated activation of neurons and glial cells [3, 28, 29] . Initial signs of glial activation were observed in NPCs from embryos infected through materno-fetal infection by T. gondii. Further, T. gondii induced increased neurosphere size, as we have already shown in a preliminary study by Bottari et al. [21] , this supports the notion that extracellular nucleotides also contribute to the control of embryonic neurogenesis.
Signaling pathways employing extracellular nucleotides and adenosine are present during embryonic development of the central nervous system and have a significant role in the activation of neural progenitors after cerebral lesions as induced by T. gondii. The expression of specific subtypes of purinergic receptors or enzymes in neurospheres has been shown by Mishra et al. [30] . In the present study, we evaluated the effects of RSV on nucleotide-and nucleoside-hydrolyzing activity by ectonucleotidases in neurospheres infected by T. gondii.
RSV is a natural polyphenolic compound, that has attracted considerable interest regarding its anti-inflammatory and neuroprotective properties [31, 32] . Beneficial effects of RSV regulating extracellular ATP, ADP, and AMP hydrolysis and ADA activities in infected NPCs (Fig. 1) point at an enhanced break-down of purinergic receptor agonists.
Here, we show that alterations of ectonucleotidase activities in infected NPCs augmented ATP and ADP hydrolysis. Thus, it is possible to suggest that extracellular ATP levels activate the P2X7 receptor on the surfaces of microglial cells (Fig. 1a) . The purinergic P2X7 receptor is a bifunctional adenosine triphosphate (ATP)-activated ion channel that contributes to the control of many physiological functions, including cell death, killing infectious organisms, and regulating inflammatory processes [9, 10] as well as survival, mobilization and differentiation of NPCs. Continued activation of P2X7 receptors by ATP during chronic infection has been proposed as a mechanism for the elimination of T. gondii tachyzoites from infected macrophages [11] .
Moreover, adenosine A 2A receptor expression was increased in infected NPCs (Fig. 2b) . These protein G-coupled receptors cause the accumulation of intracellular cAMP, which has strong immunosuppressive effects [33] [34] [35] . It is quite possible that this pathway suppresses cell responses upregulating intracellular cAMP levels and downregulates host immune response.
Therefore, ADO in high concentrations can act on A 2A receptors, attenuating inflammation and probably tissue damage, concomitantly with the downregulation supposedly provided by the decreased ATP hydrolysis found in our study. It was already reported that the infection by T. gondii causes a significant augmentation in ADO levels in the brain of the mice [13] .
These purinergic receptors, when stimulated in T.gondiiactivated microglia, possibly induced production of proinflammatory cytokines IL-6 (Fig. 3a) , INF-γ (Fig. 3b) , and TNF-α (Fig. 3c) . The activation of microglia cells by T. gondii induced local immune responses as a pathway to control congenital infection by T. gondii [36] . On the other hand, host cells increased anti-inflammatory IL-10 cytokine (Fig. 3e) to prevent neuroinflammation.
The potential inhibitory effects of RSV on cytokine gene expression and their beneficial effects in protecting against neurotoxicity has been reported [37] . Our study suggests that 10 μM RSV reverted elevated INF-γ and TNF-α gene expression ( Fig. 3c and Fig. 3d ) through the inhibition of P2X7 receptor expression in infected NPCs.
The immune response was regulated by RSV, once 10 μM RSV decreased INF-γ (Fig. 3c ) and TNF-α (Fig. 3d) cytokine expression in infected NPCs. Studies have reported that RSV inhibits the production of TNF-α by LPS-activated microglia [17, 38] . It is clear that RSV exerts neuroprotection through inhibiting activation of microglia and the subsequent release of various proinflammatory factors. Furthermore, RSV decreases IL-10 expression (Fig. 3d ) in order to restore the immune response against the parasite.
Together, our data point at expression increase of P2X7 and A 2A receptors together with enhanced NTPDase activity of infected NPCs. Extracellular ATP contributes to local inflammation and parasite elimination and decreases survival host cell. P2X7 receptors might contribute to T. gondii infection control through the stimulation of the synthesis of proinflammatory cytokines. Moreover, this study contributes to elucidate possible therapeutic mechanisms of RSV on purinergic signaling and immune responses during congenital infection by T. gondii.
Conclusion
In summary, our study suggests the importance of purinergic system signaling, possibly via P2X7 and A 2A receptors, as components of the inflammatory response against T. gondii. Here, we evaluated the effects of RSV as a neuroprotector and neuromodulator, reporting a positive feedback mechanism mediated by RSV stimulating nucleotide hydrolysis and modulating P2X7 and A 2A receptor expression. We conclude that parasite elimination might involve P2X7 receptor signaling, and suggest RSV as a novel therapeutics against T. gondii-based inhibition of immune response by acting on purinergic signalling in infected NPCs. 
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